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The RuvB hexamer is the chemomcchanical motor of the RuvAB complex 
that migrates Holliday junction branch-points in DNA recombination and 
the rescue of stalled DNA replication forks. The 1.6 A crystal structure of 
Thermotoga maritima RuvB together with five mutant structures reveal 
that RuvB is an ^TPase^ssodated with diverse cellular activities 
p^AT^ a5S ^ a w «"S«M*llx DNA-binding domain. The 

. com P Ie * structure and mutagenesis suggest how AAA + - 

class ATPases couple nucleotide binding and hydrolysis to inrerdomain 
confomiational changes and asymmetry within the RuvB hexamer 
implied by th« jcrystallographic packing and small-angle X-ray scattering 
in solubon. ATP-dnven domain motion is positioned to move double- 
stranded DNA through the hexamer and drive conformational charges 
between suburuts by altering the complementary hydrophilic protcin- 
protem interfaces. Structural and biochemical analysis of five motifs in 
the protein suggest that ATP binding is a strained conformation recog- 
nized both by sensors and the Walker motifs and that intersubunit acti- 
vation oceurs by an arginine finger motif reminiscent of the GTPase- 
actrvabr^g protein* Taken together, these results provide insights 
ju^ctkJnT funct< ^ as a motor for branch migration of Holliday 

€> 2001 Academic Press 
KyWsr AAA4-ciass ATPases; arginine finger; branch migration; 
Holliday junction; recombination 



Introduction 



Recombination is a general DNA repair pathway 
in eukaryotcs and prokaryotes. Growing evidence 
suggests that on* of the major functions of recom- 
bination is to restart replication forks that have 
been stalled due to DNA damage that may occur 
from 15% to 50% of the time, and may be more 
important in bacteria than the recombinational 
repair of double-stranded DNA (dsDNA) breaks. 1 
The central four-stranded recombination inter- 
mediate formed in both these repair processes is 
the Holliday junction, which can be generated by 



Abbreviations used: dsDNA, double-Stranded DNA; 
AAA, ATPases associated with diverse cellular 
activities; TIP49, TBJP interaction protein of -49 kDa; 
EM, electron microscopy; SAXS, small angle X-ray 
scatfcring; ss, skigksstranded; TIC pyruvate kinase; 
LDH, be rale dehydrogenase. 
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RecA and RecA homoiogs in dsDNA break repair 3 
and in a RecA-independent fashion from replica- 
tion forks. 3 Rapid migration of the Holliday junc- 
tion in bacteria through heterologous DNA regions 
is performed by the RuvAB DNA translocate, 4 -* 
which is also implicated in the repair of stalled 
replication forks. 7 

The genes of the riw locus operate late in recom- 
bination, and cell* with mutations in these genes 
arc sensitive to DNA damage, miming non-septate, 
multinucleate filaments that arise from covalently 
crosslinked chromosomes. 8 The RuvA protein 
forms syiruvtelric tetramcrs and binds to one face 
of the Holliday junction. 9 The RuvB ATPase assem- 
bles into functional homohexameric rings and is 
the chemomechanical device that drives branch 
migration in the presence of RuvA. ,B - n The RuvC 
dimer resolves HoJUday junctions by symmetri- 
cally nicking the Holliday junction at the crossover 
point In viXH) and in vitro data indicate that the 
RuvABC proteins function coordinately. RuvB, 
which has low affinity for Holliday junctions, 12 - 13 
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is targeted to opposite sides of the RuvA/HolHday 
junction complex through protein-protein inter- 
actions. 14 In vivo, RuvC functions only in the 
presence of RuvAB, 15 and can form a RuvABC/ 
Holliday junction complex. lfi Thus, an RuvABC 
branch migration/resolution complex likely exists, 
similar to co-fractionating mammalian branch 
migration and resolution complexes. 1718 

Structural studies of RuvB were undertaken to 
decipher the molecular basis for chemomechanical 
energy transduction and the mechanism of branch 
migration by the hexameric RuvB ATPases. Bio- 
chemical and structural studies of specific mutant 
RuvBs were pursued to probe specific mechanisms 
by which RuvB adopts different nucleoOde-driven 
conformational changes. The RuvB structural 
results presented here provide insights into the 
structures of the archeal and eukaryotic TIP49 
paralogs involved In chromatin remodeling and 
DNA repair. 1 *-* 0 Together, these results provide the 
framework for a detailed structural imderstanding 
of how RuvB converts chemical energy into the 
driving force behind branch migration of Holliday 
junctions formed during DMA recombination and 
DMA replication. 

Results and Discussion 

Structure of the RuvB subunit 

Hierntotoga maritima RuvB was crystallized in the 
space group from active enzyme overexpressed 
m Eschericltiff cotf, 21 and the structure of RuvB was 
determined to 1.6 A resolution by multipJe isomor- 
phous replacement (Tabic 1). Electron density 
maps for the wild-type protein and the five active- 
site mutant structures were clear from Glnl7 to 
Pro329, except for a disordered gap between Hel31 
and Aspl47. The RuvB subunit is made up of three 
sequential domains, which assemble into a fairly 
flat, triangular molecufe —25-35 A thick and "-50 A 
on each side (Figure 1(a)), and forms a helix with 
six subunite per turn through crystal packing. The 
N- terminal ATPase domain, domain I, represents 
about half of the protein and consists of a central 
five-stranded, all parallel 0-sheet with the topology 
p5-fn-fM-p3-02 that is surrounded by eight 
a-hehces. The smaller, all-helical domain H (oS-n), 
and the mixed a-p C- terminal domain III (al3-17, 
06-7), both pack against the C-terminal edges of 
the 0-sheet of domain 1, These three domains are 
linked by extended loops, which, although ordered 
in these crystal structures, could allow motion 
between the domains. 

An ADP molecule binds at the interface of RuvB 
domains I and fl (Figure 1(a)). The location of ADP 
within the RuvB structure immediately suggests 
that nucleotide binding states drive conformational 
changes between RuvB domains. Structural anal- 
ysis and sequence conservation identity four motifs 
at the domain I-II boundary (Walker A, Walker B, 
sensor 1, and sensor 2) likely to be important in 
nucleon'de-driven conformational changes of the 



Domain H 





Figure 1. RuvB fold, domain assembly, functional 
motifs and ADP-binding position, (a) Each of the three 
Ruvtf Structural domains is generated sequentially from 
the amino acid sequence, with an ADP molecule bound 
at the interface between the AAA + -class ATPase 
domains I (blue) and H (gold). The winged-helix domain 
m (green) is "masked" in these domain conformations, 
suggesting that DNA binding is induced only upon rela- 
tive motion of the different domains, (b) Sequence align- 
ment of T. maritima (TMA), E. coli (ECO) RuvB 
H. sapiens TDP49a CNP49A), and H. sapiens iTP49b 
(Tir49B) proteins displayed with the T. mar ilium second- 
ary structure assignment. Gaps in the sequence are dis- 
played as dashes. Rad residue* are absolutely conserved 
across an additional 15 different bacterial RuvB 
sequences. Red dots above the sequence represent 
strong and moderate dominant negative mutations iso- 
lated in the fi. coli RuvB protein. 2 * Sequence alignments 
were generated by the program SEQUOIA (CM Brun?, 
http://www.scripps.edu/ ^ bruns/soquoia.htinl). 
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protein structure (Figure 1(b)). The structures of 
domains I and II demonstrate that RuvB shares a 
common fold with the AAA + -super class of 
ATPases, named from an acronym of ATPases 
associated with diverse cellular activities. 22 The 
AAA 4- -class of ATPases includes chaperones, pro- 
teases, and nucleic acid processing enzymes, and 
has roles in vesicle fusion, vesicle formation, mito- 
tic spindle formation and cytoskeletal integrity. 

Domain III possesses the winged-helix DNA- 
binding fold, which is a modified form of the 
heUx-rum-helix DNA-binding motif that is 
observed in many transcriptional regulators and in 
non-specific DNA-binding proteins such as histone 
H5 (reviewed by Gajiwala & Buriey* 3 ). However, 
in the RuvB structure, the recognition Mix «15,' 
which lies in me DNA major groove in the canoni- 
cal binding mode, is broken by the absolutely con- 
served Pro299 into al5a and «15b (Figure l(a>). 
Extensive sequence conservation for domain III 
residues that possess both structural and potential 
recognition roles (Figure 1(b)) suggests the import- 
ance of this third domain, as does an isolated 
aoirunant negative nonsense mutation in E. coli 
RuvB that preserves domains T and If, which 
pack into the hexamer, but deletes most of domain 

This three-domain RuvB structure appears to be 
similar to the Tliermus thermophilus RuvB structure 
recently published at 3-2 A resolution determined 
independently 23 and a related T. thertmphilus crys- 
tal form solved at 3.6 A resolution (C.DP. fc J,AT, 
unpublished results). This resemblance suggests 
that the high-resolution RuvB structure presented 
here is representative of all RuvB branch migration 
motors. 

The RuvB structure furthermore rationalizes the 
insertions and deletions observed in the archaeal 
and eukaryotic RuvB homologs, termed TBP inter- 
action protein of -49 kDa (TE^). 19 - 20 TIP49 pro- 
teins lack a KuvB-like domain III, but have a -200 
amino acid residue insertion between a3 and 03 
(Figure 1(b)). This inserted domain appears to be 
unique to TIP49 by database searches and, given 
the ability of TIP49 to hexamerize, could be posi- 
tioned where domain III sits in the RuvB structure 
near the C-tenrunal face of the domain I fi-sheeL 
Thus, we suggest that the TIP49 inserted domain is 
positioned to function equivalents to RuvB 
domain IIL 

Implicated roles for Walker motifs A and B in 
RuvB conformational change 

In addition to driving nucleotide triphosphate 
hydrolysis, 2 * the RuvB structure suggests that con- 
Served Walker A and B motifs may also function 
in driving conformational changes upon binding 
ATP. The Walker A motif, also termed the P-loop, 
is involved in coordination of the triphosphates 
and presenting the y-phosphate group for clea- 
vage. The Walker B motif coordinates a divalent 
metal ton and likely activates the water nucleophile 



for ATP cleavage. In the ADP-bound complex of 
RuvB (Figure 2(a)), the two motifs are not aligned 
appropriately for activating and cleaving ATP. 
This misalignment may also explain the inability to 
co-crystallize or soak divalent metals, non-hydro- 
ly*able ATP analogs, or transition-state analogs 
such as aluminum and beryllium fluoride into this 
crystal form (data not shown), as these compounds 
would require a precise alignment of the active 
site. 

Comparison of the Walker A and B motifs in 
R^B sh^ctures and in the AMP-PNP bound 
NSF-D2, 27 - 2a which, possesses active-site geometry 
consistent with the highly conserved roles of Walk- 
er A and B in ATP hydrolysis, suggest that align- 
ment of the motifs would result in local 
conformational changes that could be propagated 
into domain motions. Superposition of the central 
P-Sheets in domain [ suggests that ATP and/or 
metal binding may systematically shift «3 by ^3 A 
towards the helical N terminus (Figure 3). 
Additionally, a2 would be shifted in the ATP state 
toward the protein core, partially accommodating 
the space left by oc3. Combined, these motions 
would shift the orientation of domain II by -*30° 
at Walker A (Figure 3), and alter both the position 
of the winged-helix domain ffl and the subunit- 
subunit interface. Thus mutations in Walker A that 
disrupt normal y-phosphate positioning, such as 
the Lys64Arg mutant (Figure 2(c)) whose guani- 
dium group would likely shift the y-phosphate 
group. The guanidium group position is con- 
strained by other residues of Walker A (Gly58 
Pro59, and Pro60), the P-sheet (Lcu56, Ala57' 
Alal56, and lhrl57), and the nucleotide and the 
conformational changes in both RuvB-Kke and 
NSF-D2-)ike conformations. Additionally, the resi- 
dues of Walker B that inactivate the ATPase and 
branch migration activity 2 * may impact both the 
hydrolytic machinery as well as an important sen- 
sor of the presence of a ?-phosphate group. 

Although it is not possible to rule out that the 
RuvB/NSF-D2 differences ore static variations in 
family members, the observed misalignment in the 
ADP-bound complex of RuvB is inconsistent with 
the conserved roles in an active ATPase site, which 
are s "PP orted extensive mutagenesis for 
RuvB. 30 In the absence of direct superposition of 
the central 0-shcet for these proteins, the most 
obvious marker for the misalignment becomes the 
relative distances between main-chain atoms for 
the Walker A and B motifs. In the N5F-D2 struc- 
ture, the C* atom for the Walker A lysine residue 
(Ly*557 in 556-GKT-558) is roughly equidistant 
(-8.8 A) from both of die C* atoms of the Walker 
B carboxylate residues (Asp611 and Asp612 in 661- 
DDTr>614). For the RuvB structure, the C atom for 
the Walker A lysine residue (Lys64 in 63-GKT-n5) 
is much closer to the C" atom of the first carboxy- 
late group (Aspl09 at -8.8 A) than the second 
(GiullO at -10.7 A). This difference is indicative of 
the systematic shift of a2 along the p-sheet and 
relates residues of Walker A that bind p and 
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figure 2. RuvB nucleotide recognition and an implied 
strained ATP-bound cemforrnabon. (a) Details of the 
nucleotide-bindmg $ite reveal that the phosphate groups 
are coordinated by the Walker A motif (induding l,ys64 
and Thr65) with the ADP moiely contacted by residues 
of the sensor 2 motif (Pro216 and Arg217). Sensor 1 
(Thrl58) and Walker B (AspI09 and GlullO) motifs are 
located near the position of the y-phosphate group. The 
isosurface of the simulated annealing omit difference 
density is shown for ADP, contoured at 3o- (green), 
(b) Structure-based mutational analysis reveals the 
importance of ATP hydrolysis in branch migration and 
the key roles played by sensor 1, sensor 2, and arginine 
finger in RuvB. Biochemical dttiracterization of the 
DNA-dependent ATPase activity of RuvB mutants*' and 
branch migration of an in vitro reconstituted RuvAB- 
Holliday junction complex. 51 - 52 Proteins scored on inac- 
tive, in branch migration activity are either wholly 
ox substantially compromised, as they showed less titan 
3% of Wild-type activity after an incubation of 60 mire 
utes. (c) Overlay of the wild-type RuvB protein (blue) 
with structures of the sensor 1 mutations AJal56Ser (yel- 
low), Thrl58Val (light blue), and the Walker A mutation 
Lys64Arg (light brown), (d) Overlay of the sensor 2 
mutation Pro216CJy (yellow) with wild-type RuvB, illus- 
trating some of the structural rearrangements required 
to accommodate the jnisregistered ATP (Figure 2(c)) in 
the nudeotide-binding site, (e) Details of ATP binding 
from the Pro216Gly stnicture (ted) and ADP binding 
from the wild-type structure (blue) demonstrating the 
reorientation of the bath adenine and ribose moieties 
and the phosphate misregistration, where the ATP 
Y-phosphate group binds at the p position and the ATP 
P-phosphate group binds at the <r position. This struc- 
ture suggests that binding ATP in the appropriate con- 
formation channels binding energy into a strained RuvB 
conformation, (f) Overlay of the arginine finger 
mutation Argl70Ala (yellow) with wUd-type RuvB, 
suggesting the dramatic loss of ATPase and branch 
migration assay are due to loss of the guanidium func- 
tionality, as structural perturbations are small. 
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Figure 3. Nudeo tide-driven conformational changes 
in AAA + -class ATPascs. Overlay of the ADP bound 
RuvB domain I (blue) with the AMP-PNP bound NSF- 
ul domain I (green) demonstrate* the implied ~3 A 
shift of a3 upon ATP binding, which aligns Walker A 
a ?\ J .?.f Kltifs (indicated by the conserved lysine residue 
of Walker A and carboxylate groups of Walker 8), to 
generate an ATP hydrolysis site containing appropriate 
geomf *V ^ observed in N$F-D2. This motion of a3 is 
hnked to a conformational change in domain H, in 
which the sensor 2 helix rotates dramatically. Compari- 
son of lite RuvH structure With o titer ADP-bound 
AAA -class ATPases suggests that mis structural 
rearrangement is the hallmark of thfe class of proteins 



Y-phosphate groups directly with the catalytic 
machinery at Walker B. 

Roles for sensor motifs and evidence for a 
strained ATP state 

From our RuvB structural and mutational 
results, we propose that RuvB exists in three dis- 
tinct states with distinct conformational states 
during the reaction cycle: ATP-bound, ADP- 
bound, and empty. R^x>gnition of each of these 
states is likely via two types of detectors that inter- 
act either with the ADP moiety or with the ATP 
y-phosphale group. In addition to the interaction 
of the Walker A and B motifs in sensing the 
ATP-bound state, the sensor 1 and sensor 2 motifs 
are critical for responding to the nucleotide based 
on both structural analysis and mutagenesis results 
(Figure 2(a>(c». 

Sensor 1 is located on domain I at p4 between 
the Walker A and B motifs (Figure 2(a)), and 
appears positioned to distinguish nucleotide 
diphosphate and triphosphate states by forming a 
hydrogen bond through the Thrl58 side-chain to 
the ATP y-phosphate group. The Thrl58 side- 
chain, even when rotated about xh is not close 
enough to form a hydrogen bond to a modeled 
y-phosphate group (5.5 A) in this ADP^complcx 
structure (Figure 2(b)); however, the proposed 
shift of Walker A and B motifs in response to ATP 
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binding would bring the Thrl58 side-chain into 
position (-3 A) for hydrogen bond formation. Sig- 
nificantly, mutation of Thrl58 to the icteric 
valine inactivates DNA-dependent ATPase activity 
(Figure 2(b)), even though the mutation does not 
change the structure of the ADP-bound form of the 
enzyme (Figure 2(c)). The other absolutely con- 
served residue* in the sensor 1 motif do not appear 
to sense the ATP state of the enzyme directly, but 
likely play structural roles. Glyl55 packs directly 
against the hydrophobic core of the protein, and 
any other residue would possess substantial steric 
clashes. Alal56 lies underneath Walker A, and resi- 
dues with large side-chains would disrupt the pos- 
ition of Lys64. Mutation of Alal56 to either serine 
or cysteine is tolerated (Figure 2(b)) r and the struc- 
ture of the Alal56Ser mutant is undisrupted in the 
ADP-bound complex (Figure 2(c)); however, this 
position is strictly conserved as alanine in all bac- 
terial RuvB sequences and could be more proble- 
matic, depending on the structural influence of 
ATP or DNA-dependent reamngements on this 
region. Thus, sensor 1 may help distinguish 
between nucleotide diphosphate and nucleotide tri- 
phosphate-bound states of the enzyme. 

Sensor 2, located on domain II (Figure 2(a)) r 
packs against the ATPase binding site. Pro2lfi' 
which is conserved in RuvBs as either proline or 
methionine, packs directly against the adenine 
face, and Arg217 forms a charged hydrogen bond 
to the P-phosphate group. Mutations in both of 
these sensor 2 residues affects the ATPase activity 
of the enzyme. Trie mutation of Arg217 to lysine 
inhibits ATPase activity, allhough the Arg217Ala 
mutant activity is higher (Figure 2(b)). Mutation of 
Pro216 to glycine shows hindered ATPase activity 
at low enzyme concentrations (data not shown), 
but normal ATPase activity at high concentrations 
(Figure 2(b)). Notably, the crystal structure of this 
mutant (Figure 2(d)-(e)) reveals that Pro216 is 
important for preventing alternative nucieotide- 
binding states from occurring. Thus, the Pro216Gly 
mutant surprisingly binds ATP, not ADP, as iso- 
lated from cells, but the ATP binds non-produc- 
tively, such that the phosphate groups of die ATP 
are out of register. The ATP r-phosphate group 
binds in the normal p position and the ATP 
P-phosphate group binds in the normal a position 
(Figure 2(e)). This out-of-register binding is accom- 
modated by a rearrangement of the binding site 
that is prevented in the wild-type protein by steric 
collision between the nucleotide 3' hydroxyl group 
and the Pro216 ring. The ADP molecule bound by 
the wild-type enzyme is in the anli conformation 
while the ATP molecule in Ihe Pro216Cly is S yn. 
Importantly, the altered nucleo tide-binding mode 
in this mutant and its inefficiency at lower protein 
concentrations suggests that correct positioning of 
the ATP y-phosphate group is energetically costly, 
consistent with the y-phosphate-induced confor- 
mational changes Inferred from the structure. Both 
Pro216 and Arg217 in sensor 2 interact with com- 
ponents of the nucleotide present in both ADP and 



ATP. Hence, this motif, unlike sensor 1, likely dis- 
tinguishes between nucleotidc-bound and 
unbound states in addition to enforcing a strained 
ATP-bound conformational state to prevent non- 
productive binding. 

Although the sensor 2 motif was previously 
defined only for the highly conserved region/ 1 
analysis of the RuvB structure suggests that the 
motif definition should be expanded. The adeno- 
sine nng is buried within a pocket and sequestered 
from solvent by the hydrophobic side-chains of 
PtoZl, Phe27, DelfiS, and Pro216. This hydrophobic 
collapse can be likened to a vise in which domains 
I and IT damp down on the flat adenine. The polar 
faces of the ring interact with more polar environ- 
ments! N-l and N-3 hydrogen bond to water mol- 
ecules; the cxocyclic N-6 amine hydrogen atom 
bonds to the De28 backbone carbonyl group; and 
N-7 is oriented towards the Tyrl80 hydroxyl and 
Leu62 backbone carbonyl groups. The ADP 2' and 
3'-hydroxyl groups make no Specific protein inter- 
actions, and the only specific hydrogen bonding 
interaction with ADP is through the exocydic 
amine group. This lack of specific interactions 
explains the ability of the £. coli and T. ttermophitus 
RuvBs to utilize alternative nucleotides including 
dATP, dCTP, and dTTP. 13 ' 32 The possibility that 
the more hydrophilic guanine base may prevent 
the hydrophobic collapse between domains I and 
E may explain biochemical studies for the Tttcrmus 
RuvB that can hydroly^e GTP and dCTP effi- 
ciently, but cannot use these nucleotides for in vitro 
branch migration/* 2 as nucleotide binding is 
decoupled from the hydrophobic collapse 

All three states of the enzyme can be detected 
through recognition of either the ADP moiety or 
the y-phosphatc group. The sensor 1 and die Walk- 
er A and B motifs respond to the binding of the 
y-phosphate group and a divalent cation. This ATP 
state, as revealed by the alternative nucleotide 
binding in the Pro216Gly mutant, is likely to exist 
in a tense or strained conformation with a trig- 
gered structural transition (Figure 3). Sensor 2 
recognizes the ADP through interaction with the 
sugar and diphosphate moieties as well as hydro- 
phobic collapse around the ring. These three RuvB 
conformational states within domains of an indi- 
vidual RuvB subunit provide Ihc chemomechanical 
force that drives Holliday junction branch 
migration in the Context of an active hexainer. 



RuvB hexamerfc assembly 

The aystailographicalJy determined subunit con- 
tacts in the helix with six subunits per turn use the 
same molecular interfaces that are observed in the 
HslU and NSF-D2 hexamcric AAA + -class 
ATPascs. 27 ' 2 ** 3 -* Sur^rimposition of RuvB domain 
I onto the conserved domain of HslU results in a 
polar hexamer (Figure 4(a)) that satisfies known 
constraints, including the two-lobe construction 
(the large lobe is domains f and JX the small lobe is 
domain TTI) and dimensions observed by electron 
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and hexamer disassembly were not occuring during these SAXS measurement S a *S re 6 atlon 



microscopy (EM). 35 The entire subunit interface, 
made up almost entirely by domains I and if, is 
hydrophilic and possesses extensive shape comple- 
mentarity (Figure 4(b)). The domain I-domain I 



interface between adjacent subunlts is slightly 
negatively charged, whereas the domain I-domaln 
H interface is positively charged. The binding of 
domain I within the cleft formed by domains I and 
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.0 of die adjacent subunit (Figure 4(b)) provides a 
mechanism whereby nucleotide-induced confor- 
mational changes between domains I and U can 
affect the subunit-subunit interactions (Figure 3) 
and suggest that subunite shift positions durine 
the reaction cycle. 

This assembly is also consistent with our exper- 
imental small-angle X-ray scattering (SAX5) data 
measured on solutions of E. colt RuvB hexamors 
(figure 4<c)). Calculated scattering from the hexam- 
er is similar to the experimental scattering curve 
(Figure 4(c)). SAXS data provide an overall radius 
of gyration (RJ for the particle of -40 k 
(Figure 4(d)) with a maximum intraparticle dis- 
tance (D ma J of -120 A, consistent with our hexam- 
er model (Figure 4(d)). Additionally, an ab initio 
spherical harmonic reconstruction, which fits the 
experimental curve with a small number of para- 
meters, 3 * agrees fairly well with the hexamer 
(Figure 4(c)). SAXS data can exclude packing 
arrangements that give different radii of gyration 
and maximum interparhcle distances, such as 
more globular arrangements or asymmetric hexam- 
ers that are more elliptical and would have 
increased maximum intraparticle distances. SAXS 
cannot provide atomic-resolution details of the 
interfaces of this prolate ellipsoid model as shown 
through systematic genera Hon of 64,000 compu- 
tational perturbations of this hexamer (data not 
shown); however, there is no reason a priori to 
expect that any computationally generated assem- 
bly should be in agreement with these experimen- 
tal SAXS data. Taken together, the agreement of 
the hexamer with experimentally determined SAXS 
data, the similarities to EM reconstructions, 35 the 
conservation with other hexameric AAA + -class 
ATPases, 27 ^^ 4 and similarities to the crystallo- 
graphic packing interfaces suggest that this hexam- 
er arrangement is likely to be correct. 

Assembly is critical for ATPase activity in 
RuvB 373 * and in other AAA + -class AlPascs. 22 
RuvB is known to be functional as a hexamer and 
assemble into rings.* 5 The fact that ADF-bound 
RuvB assembles into a helix with six subunits per 
turn in these crystals rather than a hexameric ring 
suggests that asymmetry in the RuvB ring arises 
simply through assembly and that not all subunits 
of a hexameric ring can exist in an ADP-bound 
form- Both Ihe RecA and T7gp4 proteins have been 
observed in heb'cal and ring forms, and these pro- 
teins are believed to possess functional 
asymmetries. 39 ' 40 

Arginine fingers in AAA+-class ATPases 

To test the role of the strictly conserved arginine 
following the Walker A and 5 motifs m functional 
hexameric AAA + -class ATPases, Argl70 in RuvB 
was mutagenized to both alanine and lysine. Both 
mutants were deficient ATPases and were not acti- 
vated upon DNA binding like wild-type 
(Figure 2(b)). These results match the inactivanon 
obfierved in mutants of the equivalent arginine to 



leucine and lysine in the AAA + -class ATPase 
domain of flic E. coli FtsH ATPase-dependent 
protease and an arginine to histidine mutation 
isolated m E coti RuvB. 24 The crystal structure of 
Argl70Ala lacks any real coru*ormational changes 
from wild-type (Figure 2(f)), indicating that the 
defect in the mutant involves loss of the arcinine 
gtianidium group. * 

The hexameric assembly demonstrates that the 
arginine residue approaches the nucleotide phos- 
phate groups (Figure 4(b)) and may function analo- 
gously to arginine fingers identified in the GTPasc- 
activating proteins (GAPs). These arginine residues 
function to regulate nucleotide hydrorysis by bind- 
ing the v-phosphate group within the Ras GTl'ase 
switch, which activates GTPase activity by W-fbld 
(reviewed by Noel 42 ). Arginine fingers have been 
implicated in a number of other unrelated 
NTPases, including Rho GTPases, 43 T7gp4 and 
F^ -ATPase.* 4 In the RuvB hexamer, Argl70 devi- 
ates slightly from the position required to facilitate 
ATP hydrolysis (Figure 4(b)), suggesting that ADP- 
bound RuvB is not the correct state to activate ATP 
hydrolysis in the adjacent subunit. In fact proper 
arginine geometry for ATP hydrolysis can be 
observed by modeling in N5F-D2 bound to the 
non-hydrolyzable ATP analog AMP-PNF,* 1 
suggesting that ATP binding in one subunit drives 
ATP hydrolysis fn the adjacent molecule. These 
structural and biochemical results provide a mech- 
anism to explain previous kinetic proposals 3 *' 15 in 
which ATP is both a substrate and an aHosteric 
effector. 

Model for the RuvABC complex 

Double-stranded DNA can pass through the cen- 
ter of the RuvB hexamer (Figure 5(a)) mat ranges 
from 25 to 35 A in diameter. This is in contrast to 
the unrelated phage T7 gp4 hexameric DNA hefi- 
cases, where unwinding is believed to be driven by 
translocation of only a single strand through the 
center, and would explain why RuvB can translo- 
cate along DNA 37 but fails to act as a helicase in 
the absence of RuvA. 10 Biochemical data also sup- 
port both strands passing through the center of the 
hexamer. RuvB appears to be able to migrate 
through interstrand psoralen crosslinks; 16 and pro- 
tects about 24 base-pairs of both DNA strands in 
DNase I footprinting experiments. 47 The 13 turns 
of B-DNA within the central channel of the hexam- 
er (Figure 5(a)) are also consistent with the geome- 
try of the RuvA/Holliday junction complex* and 
closely resemble EM reconstrucbons of RuvB 
bound to plasmid DNA 35 in which DNA is bound 
at either end of the hexamer (domain f and domain 
HI) surrounding an interior cavity (Hie gap 
between domain TI and DNA). 

Domain Ul of RuvB overlays well with other 
winged-helix domains (Figure 5(b)). Two different 
DNA -binding modes have been observed for this 
family of proteins,- 23 however, both involve faces of 
domain Ifl that are not oriented towards the DNA 
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Figure 5. Structurally implied 
RuvB/DNA and RuvA0C/Holli- 
day junction Interactions, (a) The 
structurally implied path of duplex 
DNA through the RuvB hexamer m 
Holliday junction branch migration. 
Domains I (blue) and 111 (green) arc 
positioned to interact with the 
DNA (black). The fl3-a4 loop forms 
a tight ccffistriction around the 
DNA and includes Val88 and 
Lys89, identified as positions of 
dominant negative mutations m 
E. colt KuvB, 2 * and shown as red 
boll* as are similar mutation* in 
domain IH. Topological evidence 
•suggesting that the DNA is melted 
or underground 21 - 3 *** is not illus- 
trated here, (b) Superposition of the 
domain m of RuvB (green) onto 
the diphtheria toxin repressor 
(DtxR)-DNA co-crystal structure 
(purple, PDB code lDUN* 1 ). The 
DtxK utilizes the canonical mode 
for winged helix binding in which 
the recognition helix (&15a and 
ocl5b in RuvB) lies in the major 
groove and the wing contacts DNA 
phosphate groups. This canonical 
binding mode 23 is most consistent 
with the positive charge of the 
wing and net negative charge of 
the recognition helix. C" positions 
of residues critical for RuvB func- 
tion in this domain 24 are indicated 
by red balls and, excluding resi- 
dues involved in the stabilization 
of the domain, include the positive 
Charges and glycine of the wing 
and residues of the recognition 
helix that contact the DNA major 
groove. Placing this face of the 
domain against DNA running 
through the liexamer (a) requires a 
60-90° rotation of domain Jtl rela- 

fiT^inw* HK*™ ° f Ruv AB/Hothday j™*km complex shows t^Ru^^m^'^ 

deriveTi ^^J> ^T^ W ^V, PDB H* orientation of th« 

denved from BM images indicatmg that the large lobe (domains I and II) face the RuvA hexamer ■« The rin<~ n£ 

ZPlVT™ m ^° m ™ * KuvB with the DN^aior J£^JJ« mE Z 

™ mi &? h ™ a * d to md * ated *y ^ows in which two duplexes (red and K« 

SI^SSL! £ ^ ^ mCd £ *^ ^ vA < d > <*Pi<*™ of me RuvABC/Holllday junction complex ioVaS 

the hi suggests that RuvC should make protein-protein contacts with RuvB, as suggested from biochemical remits " 



RuvA 
RuvB 
RuvC 



in the hexamer assembly of ADP-bound ^infor- 
mations of RuvB (Figure 5(a)). Thus, unless 
domain III of RuvB possesses a third, novel bind- 
ing mode, this domain needs to be reoriented by 
60-90 a to present the appropriate binding face 
towards the DNA passing through the central 
channel of the complex. A canonical winged-helix 
interaction is supported by both homology and 
dominant negative mutations (Figure 5(b)), the 



flexible random-coil linkage between domains IT 
and Til and a -20 a rotation of domain HI relative 
to domains I and II determined by superimposing 
the T. maritima RuvB structure and the T. thermo- 
philus RuvB structures p 5 ; C.D.P. & J.A.T., unpub- 
lished results). If die rearrangement occurs, 
appropriate domain Ul orientations may be forced 
by packing interaction between adjacent domain 
DUs that does not occur in the crystal packing. 
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*J?r£l?.* 0W * ***** of RuvB modeled from 
NSF.D2 (Figure 3) would force domain HI into clo- 
ser proximity to DNA, consistent with both gel 
shift experiments 48 and DNase i footprints in 
which ATPyS improves the protection of the 
domain ir[ side of the footprint. 47 Winged-helix 
domains have been structurally characterized only 
with dsDNA, and the RuvB structure suggests that 
RuvB may interact primarily with and translocate 
along both strands of dsDNA. Paradoxically, the 
hebcase activity of RuvAB possesses a 5' -h> 3' 
directronality, 10 but has not been characterized 
independently of RuvA. The resolution of this pro- 
blem may be that strand specificity in the in vitro 
helicasc reaction may be due to differences in the 
way RuvA presents 5' and 3'-tailed substrates to 
the RuvB translocase and not to strand specificity 
of RuvB itself. ^ 7 

The large face of the RuvB hexamer faces the 
RuvA tetramer 14 and can be associated with 
domains I and II from these crystallographic 
results (Figure 5(c)). This orientation of the Ruv6 
ring places the disordered region between Ilel31 
and Aspl47 onto the RuvA contact region, which 
forms a crystal contact as a pair of interacting 
P-hairpins in the T. iliL>mwphilus crystal form 5 
(C.D.P. & JA.T., unpublished results). Geometric 
constraints demand that only one or two RuvB 
subunits interact with the RuvA tetramer at any 
one time, mterestingly, the RuvB subunik posi- 
tioned to place the winged-helix domain into die 
DNA major groove is also the subunit positioned 
to interact with RuvA. An RuvC dimer fits in the 
RuvAB/Holliday junction complex (Figure 5(d)) 
such that the active sites can generate two sym- 
metrical cuts, consistent with genetic and bio- 
chemical data indicating that RuvC functions in 
concert with RuvAB. 15 - 16 

Structural implications for RuvB-driven DNA 
translocation and branch migration 

Branch migration by the RuvAB complex 
requires a screw mobon of the DNA (Figure 5(c)), 
Which includes both transitional and rotational 
components. The result of this motion is to change 
the identity of the bases being migrated through a 
DNA pathway defined by the backbone, but not to 
move the pathway itself. This restriction makes 
any proposed RuvAB mechanism different from 
the proposed single-stranded (ss)DNA migration 
models in T7gp4, in which simple translation of 
the DNA can occur along with motion of the back- 
bone positions. 40 Two classes of different, testable 
models can be proposed for branch migration by 
RuvAB, both of which are influenced dramatically 
by the fixed nature of the backbone pathway and 
cannot be distinguished by current experimental 
evidence. 

The first class of models would involve a fixed 
RuvAB interaction, in which RuvB molecules 
remain fixed to RuvA once the complex is formed. 
In this class of models, only one or two subunits 



^ill be in the correct position to perform work 
during the branch migration reaction due to the 
fixed DNA backbone pathway. In this scenario, the 
argmine finger motif may function to prevent was- 
teful ATP hydrolysis prior to mill timer assembly 
or trigger ATP hydrolysis in the active subunit 
once conformational changes due to ATP binding 
have occurred. The topological distortions 
observed for trapped RuvB-DNA complexes 21 - 3 ** 4 * 
may arise from distortions in the ATP-bound state 
of RuvB that are unable to relax without ATP 
hydrolysis. 

The second class of models would provide for a 
rotating RuvAB interaction, in which RuvB mol- 
ecules rotate into and out of the active position in 
response to ATP hydrolysis (Figure 6). Rotation of 
the RuvB hexamer relative to RuvA could be dri- 
ven both by interaction with the DNA template 
and the nature of the RuvAB interface itself. This 




Figure 6. Structurally implied mechanism for branch 
migration. Illustration of a mechanism far RuvB branch 
migration involving a rotation of the RuvB hexamer 
(green, cyan, and blue subunits) relative to the RuvA 
tetramer (yellow bar). Stepwise migration of the DNA is 
indicated by motion of the circled numbers through tin; 
center of the hexamer, although the fundamental trans- 
location step size is unknown. The 2-fold symmetry of 
the loading of the nucleotide binding sites is based on 
pn>steady state kinetics of RuvB, which hydrutyzes two 
ATP molecules per hexamer.'" 1 * 45 The starting state (a) 
with two ATP and two ADP molecules is inferred from 
the optimal nucleotide mho (2 ATPySrl ATP) for form- 
ing topologicaUv undcrwound DNA, 31 ^ 4 * equivalent to 
step (b), and the productive arginine finger geometry 
observed in the AMP-FNF bound NSF-DZ"" ATP 
hydrolysis in step (b) may drive rotation of the RuvB 
hexamer (c) by opening of the ADP-bOurtd state along 
DNA as well as through interactions with KuvA ATP 
servos as an allosteric effector for ADP release « which 
may be driven by interface changes between summits 
that may be released after rotation (d) or during 
rotation. Hydrolysis of ATP by RuvB is kineticalry rapid 
and ADP release is slow/* r 
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mode! is also consistent with biochemical data 
^SS^ting ATP is both substrate and allosteric 
effector,*^ inducing A OP release in other binding 
sites, likely due to the influence of ATP-lnduced 
domain I-H changes upon the hexamer interface 
(Figure 4(b)). The orientation of the arginine finger, 
which likely triggers hydrolysis in the ATP bound 
form, would be consistent with the required coun- 
ter-clockwise screwing of DNA through the 
RuvAB complex (Figure 6). Topological distortions 
for trapped RuvB-DNA complexes may be due to 
a symmetry mismatch between the hexameric 
RuvB ring (60" steps from the six suburdts) and 
DNA (36 n steps from the ten base-pairs per turn). 

For the rotating RuvAB interaction, RuvA may 
function as an adenine nucleotide exchange factor 
driving ADP/ATP exchange in the bound RuvB 
molecule and driving RuvB rotation once ATP is 
hydrolyzed. RuvA improves the ATPase activity of 
RuvB with and without DNA, 45 increasing the K m 
of RuvB for ATP by seven to eight-fold and maxi- 
mizing the hydrolysis rate at an 8:6 RuvA;RuvB 
stoichiometry, which is the maximum number of 
tetramers that can sterically interact with one face 
of a RuvB hexamer. The isolated Otemunal RuvA 
domain that binds RuvB inhibits ATP hydrolysis, 51 ' 
possibly representing a state in which each RuvB 
subunit remauis bound to a RuvA domain and 
ATP. 

These structural and mutagenesis studies of 
RuvB suggest in detail how RuvB utilises the 
AAA -f -class ATPase fold to convert nucleotide 
binding and hydrolysis to mechanical action in the 
migration of Holliday junctions. The structural 
results strongly suggest mat dornain-domain 
motions triggered by nudeotide-bound states 
drives the hexamer subunit-yubiuut conformational 
changes. Additionally, the helix formed by the 
ADP-bound RuvB strongly suggests that asymme- 
try is key to function of the hexamer, and the argi- 
nine finger provides a mechanism to couple 
sequential hydrolysis between adjacent subunits 
potentially producing a wave of ATP hydrolysis in 
the ring. These results Can be interpreted in terms 
of either rotating or fixed RuvAB translocation 
models, neither of which is clearly distinguishable 
with current data. These results provide a frame- 
work to experimentally address a number of 
important questions regarding RuvB function, 
including deterirunation of the step size and the 
number of nucleotides hydrolyzed per step, eluci- 
dation of the atomic structure and the permanency 
of the RuvAB interaction, and delineation of the 
functionally relevant nucleotide- loaded states of 
the hexamer during branch migration. 

Experimental Procedures 

RuvB expression, mutagenesis, and 
biochemical characterization 

T, mtiritima RuvB was overexpressed recombinant! y in 
E. Coii and purified as described.* 1 The selenornethjo- 



ruiuMncorpoiated protein was generated by cloning the 
KuvB expression plasmid into methionine auxoUVphic 
£. coll strain B834 (Novagen) followed by expressing in 
LeMasters defined medfum with methionine replaced 
with 50 mg/1 of Uiwielenomemioiune (Sigma). T. mariti- 
me KuvB mutants were generated performing the Quick- 
Change PCK protocol (Stratagcne) on the pETlic 
expretitfon construct. 25 

RuvB DlMA-dependent ATPase activities were 
measured using a colorimetric assay that detected the 
release of inorganic phosphate 21 using 5-20 ug of protein 
per reaction. Branch migration assays utilized T. maritima 
KuvA and Holliday (unctions prepared as described. 51 ' 52 
Bnefly, Holliday junction arms were generated using 
PCR snapback products and these arms were then 
annealed at 70*C Products of RuvAB branch mixtion 
lor these substrates are heteroduplcxes. Importantly, ufie 
of mismatches in the Holliday junctions forces the reac- 
tion to be energetically disfavored, preventing thermally 
dnven migration of the junctions. Reactions were ana- 
lyzed usmg native polyacrylarnide gels and were stained 
with ethidium bromide. 



Crystallization and X-ray structure determination 

Crystals of RuvB were grown by vapor diffusion in 
sitting drop plates against 1 M T,6-hexanediol, 100 mM 
CoCl 2 , 100 mM sodium acetate (pH 4.6). Crystals were 
cryocooled in mother liquor supplemented with 20% 
(w/v) glycerol. X-ray diffraction data were collected at 
the Stanford Synchrotron Radiation Laboratory (SSRL), 
the Advanced Light Source (AL5), and the Advanced 
Photon Source (APS). Data were processed usinr Denzo 
and Scalepack. 55 4 ' 

One strong initial K^CN), site was identified 
through isoxnorphous and anomalous Pattersons, and 
other derivative sites Were subsequently identified by 
^^P^^S- Protein phases were generated with 
MLPHARb* in the CCP4 package,** and an initial stmc- 
ture wag built with Xfit> 3 Refinement was performed 
with CN5 version l.O 36 by using the maximum-likeli- 
hood target function with 10% of the reflections omitted 
from the refinement for cross-validation testing 57 with 
manual inspection and rebuilding into aA-weighted 
££ciw "~ f -k and ***** ~ f c «ic electron density maps with 
X fit. The inethionine positions of the refined structure 
were verified through isomorphous difference Fourier 
maps calculated by using data from the selenumemio- 
nine-substituted protein (data not shown). 



Identification of ADP in the crystal structure 

AOP Was identified by examination of the bound 
nucleotide density and verified with a standard ATP 
regeneration system in wluch ATP formation from ADP 
is linked to NADfT oxidation with pyruvate kinase (PK) 
and lactate dehydrogenase (LDH) and measured spectro- 
photometrically (5^ = 6.22 cm- 1 mM' 1 ). Typical reac- 
tion conditions contained the following: 5 mg of acid- 
dena hired RuvB, 1 mM phosphoenorpyruvate, 250 uM 
NADH, 20 units of LDH/ml 40 units of PK/ml and 
5 mM DTr jn 200 mM Hepes ( P H 75). Data from the 
assay indicate that -50% of the purified protein was 
bound to ADP (data not shown). 
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Small-angle X-ray sofution scattering 

H. coli RuvB was expressed from the pEAW112 pkis- 
mid and isolated by using published protocol Hexam- 
cre were formed by concentration and isolated by gel 
nitration cm a Superose-12 column in 20 mM Tris-HQ 
<pH 8.0), 50 mM NaCt 1 niM DTT. Scattering data were 
collected at the SSRL beamline 4-2. For each concen- 
tration, the Ciiinier region of the small-angk scattering 
was linear. R„ D max , and 1(0) were derived from expert 
imental data using GMOM. 5- Spherical harmonic recon- 
ductions were generated using SASHA** and fits of 
CUYSOL*"^ 0 ™' lu:xamer5 Were calculated through 

Protein Data Bank accession numbers 

Coordinate? for native RuvB and the Lys64ArK, 
Alal56Ser, Thrl58VaJ, ArglTUAla, and Pro2l6Gly 
mutants have been deposited in the RCSB Protein Data 
Bank under the entries 1IN4, UN6, 1IN5, 1IN$, 1JN7, 
and 1J7 K, respectively. 
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